Renal disease was found at necropsy in 21 of 60 catheterized baboons (Papio cynocephalus). Primary diagnoses were infarcts in eight baboons, septic embolic nephritis in four, and mesangioproliferative glomerulonephritis in 15. Infarcts and septic embolic nephritis are multifocal renal diseases; mesangioproliferative glomerulonephritis is diffuse, progressive, and often accompanied by severe proteinuria, hypoalbuminemia (t3 g/dl), and generalized edema. Five of the 15 baboons with glomerulonephritis also developed uremia and died of renal failure. Ten baboons with glomerulonephritis were given microbiological examination during their clinical course. Bacteria were isolated from the peripheral blood of eight baboons and from the catheter itself in two. The organisms isolated (in decreasing order of frequency) were Herellea sp., Streptococcus sp., Klebsiella sp., Staphylococcus sp., and Providencia sp. Prospective immunofluorescence studies were done on frozen sections from six catheterized baboons with glomerulonephritis and two uncatheterized controls. There were granular deposits of IgG in all six, IgM in five, Cs in four, and IgA and C, in two. In the controls, only trace amounts of IgM were seen in one animal. The amount of IgG deposited in the glomeruli correlated with the severity of the glomerulonephritis. Bacterial antigens were found by immunofluorescence in glomeruli of three of five baboons examined. Glomerulonephritis in these baboons seems to be immunologically mediated, and in origin, pathogenesis and morphologic expression resembles shunt nephritis in humans with infected indwelling shunts and catheters.
Because of their large size and docile nature, baboons frequently are used as subjects in studies that require long-term intravascular catheterization to allow experimental manipulations, measurement, and continuous monitoring of blood parameters. Some of these baboons have indwelling catheters in major vessels; others have femoral arteriovenous shunts.
At necropsy, we have found that many chronically catheterized baboons have moderate to severe renal disease, and diseases in other organs. Usually the renal disease was subclinical or less severe than disease in other organs, but sometimes blood parameters showed severe renal insufficiency.
The value of the baboon as a laboratory animal, the extent to which long-term catheterization is used as an experimental technique, and the scarcity of literature on renal disease in baboons stimulated this investigation of the renal disease associated 59 with catheterization. The study consists of two parts: a review of clinical and pathologic data on normal and catheterized baboons to determine the incidence and types of renal disease and their relation to catheterization: and histologic and immunofluorescence studies of kidney tissue from two control and six catheterized baboons.
Materials and Methods
Subjects in both parts of this study were adolescent to adult male baboons (Papio cynocephalus) obtained from Africa. They were conditioned to captivity for at least 60 days before any experimental manipulations. Silastic catheters were implanted surgically and aseptically in major blood vessels, including the right atrium. aortic arch, carotid artery and abdominal aorta. Femoral arterio-venous shunts also were implanted in most animals. Catheters were inserted subcutaneously several centimeters from their point of entry into vessels, in order to minimize trauma. All animals were kept in restraining chairs to prevent self-inflicted injury. Catheters remained in place for periods ranging from a few months to two years. Complete necropsies were done on all animals in this study.
We reviewed clinical histories, hematologic and microbiologic observations, and gross and microscopic findings on 60 catheterized and 24 noncatheterized baboons. Sections 4 pm thick were recut from selected blocks of paraffin-embedded kidney and stained with hematoxylin and eosin (HE), periodic acid-methenamine silver. and trichrome stains, using standard methods. Renal cortex ( 1 cm") was removed from six catheterized baboons as soon as possible after death, and control tissue was obtained from two noncatheterized baboons by percutaneous renal biopsy. These tissues were snap frozen in isopentane chilled with dry ice. and cut into 4pm sections.
For the direct immunofluorescence study. fluorescein isothiocyanate-conjugated antihuman IgG, IgM, IgA. Cn and C4 (Behring Diagnostics. Inc., Somerville. N.J.) were reconstituted with distilled water and diluted 1. 4 with phosphate buffered saline (PBS) containing 0.1% sodium azide. The diluted fluorescent antisera were kept in a capped. foil-wrapped vial and stored in a refrigerator until used. Slides to be stained were thawed. labeled. and washed in PBS for 15 minutes, then drained and placed on supporting rods in a large Petri dish. Filter paper moistened with water lined the bottom of the dish to maintain a humid environment. Enough fluorescent antisera to flood the tissue were pipetted onto the slide. and the Petri dish was covered to maintain humidity. The slides were incubated in the dark at room temperature for 30 minutes, then removed from the Petri dish and washed in two changes of PBS for 10 minutes in the dark. They were drained, dehydrated rapidly in ethanol. cleared in xylene. and coverslipped using Permount mounting media. Slides were examined with a Zeiss photomicroscope using an HBO 200 mercury bulb. FITC exciter filter. and No. 44 and 50 barrier filters.
Antisera to bacterial isolates were produced in white male New Zealand rabbits (1.3 to 1.8 kg). Preimmune sera for control purposes were derived from blood drawn from the marginal ear veins. Herellea sp., Klebsiella sp., and a P-hemolytic Group A Slreprococcus. all isolated from nonhuman primates, each were grown on blood agar. washed off with sterile saline, and titered by quantitative dilution. Stock suspensions of bacteria were diluted to a final concentration of 3 X lo9 bacteria/ml, killed with 0.05% formalin. divided into 5-ml batches, and frozen at -15°C until used. At the time of injection. a thawed stock suspension of killed bacteria (5 ml) was mixed with an equal volume of Freund's complete adjuvant. and the solution was injected subcutaneously into the rabbits.
Six rabbits were used, groups of two receiving one species of bacterin and adjuvant. injected five times over a 15-day period. On day 18, they were exsanguinated and the sera were collected, divided into 2-ml ampules, and frozen at -15OC until used. The specificity and titer of the antisera were verified by tube agglutination tests. Indirect immunofluorescence staining of frozen renal tissue from five of the catheterized and one of the control baboons was done in an attempt to identify bacterial antigens that might have been deposited in glomeruli. Procedures were similar to those for direct immunofluorescence staining. The primary stain was unlabeled whole rabbit antiserum to a specific bacterial species. After a 30-minute incuoation and two PBS washings, a secondary stain of fluorescein isothiocyanate-conjugated goat antirabbit immunoglobulin (Behring Diagnostics, Inc.) was applied for another 30 minutes, then washed and fixed as described previously.
Results
Renal disease was found in 27 of the 60 catheterized baboons, but not in the 24 noncatheterized animals. Three distinct renal lesions were seen repeatedly (table I): renal infarcts, septic embolic nephritis, and mesangioproliferative glomerulonephritis.
Renal infarcts. Renal infarct was the primary renal diagnosis in eight baboons. It seemed to result from thromboemboli originating primarily at the tip of the catheter or secondarily in the lungs. These emboli were usually fibrin plugs, which often were seen in the lumen or on the tip of the catheter and consisted of lamellar sheets of fibrin with entrapped leukocytes. Bacterial colonies were common ( fig. 1 ). The emboli apparently were carried to the kidneys by arterial blood flow, causing classical triangular areas of infarction, with pale centers of coagulation necrosis and hemorrhagic borders ( fig. 2) .
Septic embolic nephritis. Septic embolic nephritis was the primary renal diagnosis in four baboons. It, too, was a result of bacterial colonization of the catheter tip and its adherent thrombi with spread of organisms in the bloodstream to the kidneys, causing multifocal renal disease associated with infection and, sometimes, ischemia. Bacterial colonies appeared in small arterioles and glomerular capillaries, filling the lumina ( fig. 3 ). They often were associated with severe neutrophilic infiltration and both coagulation and liquefaction necrosis. Septic embolic nephritis has been reported in many animals and is essentially identical to that described in reference 7.
Glomerulonephritis. Mesangioproliferative glomerulonephritis was the primary renal diagnosis in 15 baboons. In contrast to renal infarct and septic embolic '' MPG = mesangioproliferative glomerulonephritis. nephritis, which were multifocal and readily explained on the basis of thromboembolism or bacterial infection, glomerulonephritis was diffuse, involving every glomerulus. Because of its similarity to shunt nephritis in humans (Dr. G. E. Striker, personal communication), we studied this syndrome in detail.
The clinical background and microbiologic, hematologic and necropsy observations of the 15 affected baboons are summarized in table 11. All were subjected to multiple catheterizations for periods of 2 to 21 months. Bacteria (Herelleu sp., Streptococcus sp., Klebsiellu sp., Staphylococcus sp. and Providencia sp.) were isolated from the peripheral blood of eight baboons and from the catheter itself in two. Of these 10 animals, five had hypoalbuminemia. The latter had ascites and anasarca, typical of the nephrotic syndrome.
Grossly, the affected kidneys were enlarged and paler than normal. The capsule was usually slightly adherent and the subcapsular surface contained pinpoint areas of congestion or hemorrhage. The cut surface was edematous, the cortex pale, the medulla congested, and the corticomedullary junction irregular ( fig. 4 ).
Microscopically, glomeruli had a spectrum of changes, the least severe being increased numbers of mesangial cells and mesangial matrix. This accentuated the lobularity of the glomerular tuft ( fig. 5 ). In more severe cases there was narrowing or obliteration of glomerular capillary lumina, sclerosis of Bowman's capsule, and formation of synechiae ( fig. 6 ).
Some epithelial crescents were seen. Periodic acid-methenamine silver stains showed extensive proliferation of the mesangial matrix and thickening of the glomerular capillary basement membrane ( fig. 7) .
Tubular degeneration and atrophy and interstitial lymphocytic infiltration and fibrosis were common in moderate to severe cases. These changes seemed to be secondary to the glomerular lesions, probably resulting from decreased blood flow through glomerular capillaries because of mesangial proliferation and narrowing of capillary lumina. Histologic observations are summarized in table 111.
The results of direct immunofluorescence staining are shown in table IV. IgG deposition occurred in all six animals examined, IgM in five, C B in four, and IgA and Cq in two. The severity of glomerular lesions correlated with the amount of immune complex deposition in those glomeruli. Immune deposits were scattered in a granular pattern along capillary basement membranes and in the mesangium of these glomeruli ( fig. 8 ). One control animal had trace amounts of IgM deposits.
The results of indirect immunofluorescence staining are summarized in table V. Focal deposits of Herellea antigen were shown in three cases and Klebsiellu in one. In one case (A76-2), antigen of an organism isolated from the animal's blood also was found in its glomeruli. The pattern of deposition matched that found for immunoglobulin and complement ( fig. 9 ). The control animal had no bacterial antigens.
Discussion
In the retrospective study, we saw severe renal disease in 27 of 60 catheterized baboons, but none in the 24 noncatheterized baboons. Such dichotomous results are Increased numbers of mesangial cells and mesangial matrix, resulting in accentuation of glomerular lobules. Glomerular capillary lumina narrowed or obliterated. Severe tubular atrophy and dilation, marked interstitial fibrosis. Fig. 6 Chronic mesangioproliferative glomerulonephritis in catheterized baboon (A75-24). Glomerulus has accentuated lobularity, increased numbers of mesangial cells, increased mesangial matrix, thickened glomerular basement membranes, and synechiae. Fig. 7 : Periodic acid-methenamine silver stain of glomerulus from catheterized baboon (A77-48). Proliferation of mesangial matrix and thickening of glomerular basement membranes. Fig. 8 : Direct immunofluorescence stain for IgM in frozen section of kidney from catheterized baboon with chronic mesangioproliferative glomerulonephritis (A75-64). Granular deposits in glomerular basement membranes and adjacent mesangium. 
consistent with other findings [3, 41 that the baboon is markedly free of spontaneous renal disease. There were three main types of renal disease in this study: renal infarct, septic embolic nephritis, and glomerulonephritis. The pathogenesis of the first two is readily explained. Catheterization could cause sufficient endothelial damage to initiate thrombus formation in the adjacent blood vessel; and thrombi frequently adhered to catheter tips. Such conditions probably also contributed to the infarcts seen frequently in other organs, particularly the lungs. Sterility of the catheters is difficult to maintain during repeated blood sampling, drug administration and manipulation of the catheter. Bacteria in the catheter can go directly into the bloodstream, and septic thrombi at the catheter tip are possible sequelae. Embolism of bacteria from these sites to the kidney apparently resulted in septic embolic nephritis.
We believe that glomerulonephritis also is initiated by contaminated catheters. Bacteria colonizing a catheter tip would provide a source for persistent antigenemia, probably in excess of available antibodies. Antibody, bacterial antigens and complement would combine to form circulating immune complexes; these, when deposited in the glomerular tuft, would initiate the glomerulonephritis. Of the five catheterized baboons studied by indirect immunofluorescence, three had bacterial antigens in the glomeruli and one of these had both Herellea and Klebsiella antigens. We interpreted this to be the result of infection with more than one organism, as both organisms are opportunists. Fig. 9 : Indirect immunofluorescence stain of kidney section from catheterized baboon with chronic mesangioproliferative glomerulonephritis (A75-64). Fluorescein conjugated goat antirabbit immunoglobulin as secondary stain to identify rabbit antibody against Herellea sp. in glomerular tuft.
A similar renal disease, shunt nephritis, occurs in children being treated for hydrocephalus with ventriculo-atrial shunts [I, 2. 5. 8-15]. Colonies of bacteria, particularly Staphylococcus albus, contaminate the shunt and incite formation of immune complexes that are deposited in glomeruli and initiate the disease. A proliferative or membranoproliferative glomerulonephritis develops, and imniunofluorescence examination shows granular deposits of IgG, IgM, and complement components along the glomerular basement membrane [5, 8, 121 . Hematuria, proteinuria, and azotemia are present, and the nephrotic syndrome is a common sequela. The disease can be reversed by removing the catheter or otherwise eliminating the bacteria.
A possible case of shunt nephritis has been reported in a rhesus macaque .:hat had been subjected to long-term catheterization and developed a nephrotic s) ndrome
[a]. The macaque had edema, proteinuria, and hypoproteinemia, together with a subacute proliferative glomerulonephritis. The authors did not speculate on an association with the catheter.
This investigation has shown that chronic catheterization of baboons may produce renal disease. This has at least two possible implications: on one hand, glomerulonephritis in catheterized baboons may be a useful model of chronic immune complex glomerulonephritis associated with bacterial infection. On the other hand, it may alter d a t a and thwart the purpose of experiments.
